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Introduction
In the spinal cord, afferent nerves innervate segmentally via each equivalent spinal dorsal root (Ranson, 1914; Rexed, 1952; Kumazawa and Perl, 1977; Light and Perl, 1979) . This anatomical feature allows for observation of the distribution of afferent nerve endings in dorsal horn nuclei. A coronal slice of the spinal cord that comprises connecting afferent nerves to the dorsal horn is an experimental model used in electrophysiological experiments to investigate the type of stimulation to the spinal primary sensory neurons that is delivered to secondary neurons (Schneider and Perl, 1988; Yoshimura and Jessell, 1989; Schneider, 1992; Yoshimura and Nishi, 1993; Baba et al., 1994) . Conversely, in the brainstem, the sensory nucleus of the trigeminal nerve is located apart from the pons where the afferent root enters (Sessle, 2000) . This makes it difficult to create a slice preparation similar to the spinal cord. Because the trigeminal subnucleus caudalis (Vc) is a sensory nucleus with a laminated structure similar to the spinal dorsal horn (Olszewski, 1950; Gobel et al., 1981 Gobel et al., , 1982 Johnson et al., 1991) , and nociceptive or electrical stimulation of the peripheral nerve evokes a response in Vc neurons (Nishida and Yokota, 1991; Darian-Smith, I., Yokota T., 1966; Luccarini et al., 2001; Davies and North, 2009; Mizutani et al., 2015) , this site is thought to play a critical role in nociceptive transmission and intrinsic modulation (e.g., via the descending inhibitory system). However, it remains difficult to conduct slice experiments similar to spinal cord slice experiments to study transmission and modulation systems in orofacial nociception. Seo et al. succeeded in recording a neuronal response in the Vc with a horizontal slice of the brainstem, although this experiment stimulated a tract near the Vc (Seo et al., 2001 (Seo et al., , 2003 (Seo et al., , 2005 . This made it difficult to eliminate the effects of direct propagation of the current to the Vc.
In the present study, we established a trigeminal brainstem slice method to preserve connections to the Vc to study the nociceptive transmission mechanism in the Vc. Rapid imaging of intracellular calcium concentrations allowed us to conduct a spatial and chronological analysis of overall nucleus responses in the brain (Smetters et al., 1999; Ikegaya et al., 2005; Osanai et al., 2008; Grewe and Helmchen, 2009 ). We established a novel trigeminal slice model to study nociceptive central transmission system in the Vc, which could be evoked by stimulating the trigeminal root entry region located separately to the Vc.
Materials & Methods

Animals
All animal experiments complied with the Guidelines for Proper Conduct of Animal Experiments of Japan, and were conducted in compliance with protocols reviewed by the Niigata University Intramural Animal Use and Care Committee and approved by the President of Niigata University, Niigata, Japan (Approval Number: Niigata Univ. Res. 26-45). Animals were housed under controlled temperature (25°C), controlled humidity (about 40%), and a 12-h light/dark cycle. The animals also had free access to food and water.
Slice preparations
Experiments were performed on 6-7-week-old C57/BL6J male mice (Charles River Laboratories Japan, Inc., Yokohama, Japan). The mice were deeply anesthetized by sevoflurane inhalation, and chloral hydrate (400 mg/kg) was peritoneally injected. The brain and brainstem were quickly extracted. All slice preparations were conducted in ice-cooled artificial cerebrospinal fluid (ACSF) equilibrated with 95% O2 + 5% CO2. The ACSF composition was as follows (in mmol/L): NaCl 117, KCl 3.6, NaH2PO4 1.2, MgSO4 1.0, CaCl2 2.5, NaHCO3 25, and D(+)-glucose 11. The cerebrum and cerebellum were removed from the brain block. Using microscissors, the root entry of the trigeminal nerve was resected to a length less than 1 mm (Fig.1a top) . The top of the agar surface was cut at a 30-degree angle to the horizontal plane. The brainstem block was turned upside down (Fig.1a middle) and fixed with glue (cyanoacrylate) to the agar; the surface of the fourth ventricle was attached to the obliquely cut agar (Fig. 1b) . A horizontal brainstem slice was then made using a micro slicer (DTK-1000, Dosaka-EM Co., Kyoto, Japan) at a thickness of 600 μm, which included the trigeminal nerve. To stabilize the slices, they were superfused in a chamber (volume 0.6 mL) with ACSF at room temperature for at least 60 min.
Intracellular Ca 2+ imaging
Slices were immersed in a chamber (volume 16.4 mL) and stained with 0.005% intracellular calcium dye Rhod-2 AM (AnaSpec Co., Fremont CA, USA) in ACSF bubbled with 95% O2 + 5% CO2 for 90 min. Each stained slice was then placed in a measuring chamber (volume 0.6 mL) on the fluorescence microscope stage and superfused with ACSF (15-20 mL/min) equilibrated with 95% O2 + 5% CO2. The ACSF temperature was maintained at 31°C throughout recordings (Fig. 3a) .
Each slice was exposed to an excitation wavelength (510-550 nm) from a 150 W halogen lamp (MHAB-150W; MORITEX Co., Tokyo, Japan) and viewed through a low-magnification objective lens (PLAN APO; Olympus, Tokyo, Japan). The emission wavelengths that passed through an optical filter (> 580 nm) were captured using a tandem type fluorescence microscope (THT Macroscope; BrainVision Co., Tokyo, Japan). Fluorescence images were recorded using a high-speed CMOS camera (MiCAM02-CMOS; BrainVision Co.), and data analysis was performed using MiCAM02 software (BV_Ana; BrainVision Co.). Each image consisted of 192 × 160 pixels with an area of 5.76 × 4.8 mm 2 . Single-pulse electrical stimulation (current 100 μA, duration 200 μs) was delivered to the trigeminal nerve fibers at the entry region of the pons using a monopolar tungsten electrode (0.5 MΩ, World Precision Instruments, Sarasota, FL, USA; Fig. 4a ).
Changes in fluorescence intensity produced by stimulation of the root were recorded as 256 frames of consecutive fluorescence images (Fig. 3b) . For each optical imaging series, electrical stimulation was repeated 32 times at 20-second intervals (Fig. 3c ) and averaged to construct a set of 256 frames of fluorescence images. The ratio of the fractional change in Rhod-2 fluorescence intensity in each pixel to the fluorescence intensity before stimulation (ΔF/F) was calculated and used as the optical signal.
To estimate the photobleaching effect caused by repeated stimulations over a long experimental period, we examined the attenuation rate of the fluorescence intensity peak value evoked by stimulation among the first to third series of measurements. Optical imaging series were conducted three times at 15-min intervals, and the peak values of the fractional change ratio of fluorescence intensity were measured and compared at the same pixel in each series. Furthermore, to exclude the propagation effect of electrical stimulation inducing depolarization, tetrodotoxin was perfused (n = 4) and resulting changes in ratios of fractional fluorescence changes were examined.
To determine whether the Vc response evoked by the trigeminal afferent stimulation was trans-synaptically mediated, the effects of afferent stimulation in the presence of the AMPA/kainate antagonist CNQX (n = 10) or the non-competitive NMDA antagonist MK-801 (n = 5) were compared with the peak value of fractional changes at the same pixel in the no drug perfusion group (n = 10).
Drugs
Rhod-2 AM was dissolved in dimethyl sulfoxide (Wako Pure Chemical Industries, Osaka, Japan) and stored at -20°C. Just before staining the slices, Rhod-2 AM was diluted to 0.005% in ACSF. Both 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; Sigma-Aldrich, St. Louis, MO, USA) and (+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine hydrogen maleate (MK-801; Sigma-Aldrich) were perfused into the chamber at 10 µmol/L in ACSF. Tetrodotoxin (TTX; Sigma-Aldrich) was perfused into the chamber at 0.5 μmol/L in ACSF.
Statistical analysis
The increase in intracellular calcium concentration ([Ca 2+ ]in) was defined as ΔF/F. The ΔF/F peaks were selected from the most intense response area of each slice. The ΔF/F peak of the first series was defined as the basal level.
The peak ΔF/F of the second and third series were expressed as a percentage of fluorescence change compared with the first ΔF/F. To eliminate photobleaching effects on attenuated values, data from the same number series were compared with the No drug (ACSF flow) group. We calculated the decline rate by conducting three separate times series with ACSF perfusion that did not contain any drugs. Statistical analysis between the different groups was conducted using one-way ANOVA followed by the Holm-Sidak method (SigmaPlot ® 12; Systat Software Inc., San Jose, CA, USA), and attenuation in the same group was analyzed using the paired-test. P-values < 0.05 were considered statistically significant. All data were expressed as mean ± standard deviation.
Morphological observation
To observe the overall slice structure used for measuring [Ca 2+ ]in, histological analysis was conducted. Slices was collected as in the imaging experiments. Following extraction, the brainstem was fixed in 4% paraformaldehyde in 0.1 M phosphate buffer for 24 hr, followed by paraffin embedding and sectioning at 5-µm thickness (Retoratome REM-700;
Yamato koki Industrial, Asaka, Japan). The sections were then stained using the Kluver-Barrera method (Kluver and Barrera, 1953) , and observed under a transmitted light microscope (BX53; Olympus, Tokyo, Japan).
Results
Overall structure of prepared trigeminal slices
The slices comprised the pons on the most rostral side and the medulla on the caudal side, which connected to the upper cervical spinal cord (Fig. 2a ).
There was a white-colored root entry of the trigeminal nerve at the rostral site of the slice, and this white line ran to the outer part of the pons and reached the outer white layer of the medulla, which was located adjacent to the translucent lunar-shaped layer, suggestive of the substantia gelatinosa (SG). This translucent structure was involved in the layered structure and connected to a similar structure in the cervical spinal cord dorsal horn.
Kluver-Barrera staining and histological observation demonstrated that the outer Vc layer was axon-rich, suggesting that the tract and axons ran straight from the rostral side to reach the Vc, and subsequently turned into the inner region of the Vc. There was a layer containing cells just inside the tract, and axons from the tract penetrated the translucent layer to enter the inner region that contained many cell bodies, suggesting that the area that included the translucent layer in the brainstem was the trigeminal subnucleus caudalis (Vc; Fig. 2b (Fig. 5a ). This increase began at a latency of around 10 ms at the angle region of the SG layer and gradually expanded to the medial in mainly a caudal direction along the SG layer (Fig. 5b ). It reached a peak value at around 20 ms after stimulation, and then gradually declined to the pre-stimulation level (Fig. 4c) . In all Vc areas, the increase in [Ca 2+ ]in completely diminished after more than 300 ms.
To eliminate direct activation caused by stimulation, we examined the effect of TTX on the [Ca 2+ ]in increase in the Vc region. After TTX perfusion, the stimulation-induced increase in [Ca 2+ ]in completely diminished (Fig. 6 ).
Effects of glutamate receptor antagonists
Initially, there was a need to calculate the changes in fluorescence intensity caused by the drugs, photobleaching effect due to repeated stimulation, and the long measuring times. We designated the peak value in the first series as 100%, and then calculated the ratio of fluorescence intensity at the same point of either the second or third series. In ACSF with no drug, peak fluorescence intensities of the second and third series were 74.4 ± 3.9% and 52.5 ± 4.3%, respectively.
When CNQX in ASCF was perfused, the fluorescence intensity peak decreased to 40.2 ± 4.1%, but recovered to 59.4 ± 3.7% as the peak value of the third series following termination of the CNQX perfusion. In the second series, there was a significant difference between the No drug (ACSF flow)
and CNQX groups (Holm-Sidak method, P < 0.001). Conversely, MK-801 decreased the peak value in the second series to 78.8 ± 5.3%, and termination of the MK-801 perfusion for the third series decreased the peak value further to 66.1 ± 5.1%. No difference was observed between the No drug (ACSF flow) and MK-801 group (one-way ANOVA, P > 0.05). In the third series, there was no significant difference between the three groups (one-way ANOVA, P > 0.05).
Discussion
Results from this study demonstrated that afferent stimulation of the trigeminal nerve evoked post-synaptic neuronal activation in the trigeminal subnucleus caudalis in a brainstem slice. These results suggested that this slice preparation method could be used to analyze afferent input transmission mechanisms in the central nervous system for nociception from the orofacial area. To date, few reports have used a slice preparation of trigeminal afferent inputs in electrophysiological (Grudt and Williams, 1994; Grudt and Henderson, 1998; Han et al., 2008) or optical imaging experiments (Takuma, 2001; Seo et al., 2003 Seo et al., , 2005 . The spatially complex distribution of the trigeminal nucleus makes it difficult to establish a slice method that preserves axonal connections between the entry region of the trigeminal nerve and the specific subnuclei within the trigeminal nerve nucleus complex.
Afferent fiber termination in the trigeminal subnucleus caudalis
Trigeminal primary afferents enter the pons and project to the trigeminal brainstem sensory nuclear complex. This complex consists of the main sensory nucleus and the spinal tract nucleus (Olszewski, 1950; DrianSmith 1966; Capra and Dessem, 1992; Gobel et al., 1981 Gobel et al., , 1982 Johnson et al., 1991; Sessle 2000; ) . The main sensory nucleus is located in the rostral part of this sensory nuclear complex. It receives low-threshold mechanosensitive information from the jaw that participates in mastication control (Tsuboi et al., 2003; Kolta A., 2010) , and nociceptive inputs from the orofacial region (Sessle, 2000) . The trigeminal spinal tract nucleus is divided into three subnuclei: oralis, interporalis, and caudalis.
Distinct from the subnuclei oralis and interporalis, the subnucleus caudalis has a laminated structure that resembles the spinal dorsal horn (Olszewski, 1950; Gobel et al., 1981 Gobel et al., , 1982 Johnson et al., 1991) . This subnucleus is located in the caudal and dorsal area of the brainstem and extends to the cervical spinal cord. Trigeminal nociceptive information is conveyed to the Vc and relays to secondary neurons. These neurons also receive inhibitory or excitatory modulation from interneurons in lamina II of the Vc (Gobel and Purvis, 1972; Sessle, 2000) . The optical responses evoked by afferent stimulation in this study were consistent with primary afferent nerve distribution in the Vc. To preserve neural connections between many long projections of afferent fibers and secondary neurons, the slices should be thicker. However, in thicker slices, fluorescent staining was more difficult.
Therefore, in this study, 600-700 µm was the slice thickness limit.
Intracellular Ca 2+ imaging
Voltage-sensitive dyes can be used to demonstrate membrane potential changes in targeted cells, and are useful for detecting excited neuronal cells through optical methods (Grinvald et al., 1994 (Grinvald et al., , 1999 . Changes in intracellular Ca 2+ concentrations follow a sodium ion influx to the inside of the cell, which causes neuronal membrane depolarization (Catterall, 2011) .
Therefore, intracellular Ca 2+ indicators can also be used to visualize excited neuronal cells, although the onset of change in intracellular Ca 2+ begins more slowly than membrane potential (Smetters et al., 1999; Ikegaya et al., 2005) .
Changes in optical properties, e.g., absorbance or fluorescence intensity, of intracellular Ca 2+ indicators are much larger than the response evoked by experiments using voltage-sensitive dyes (Osanai, 2008 (Grudt et al 1994) .
The recorded activity exhibited a short latency and duration of activation compared with the response in intracellular calcium. In the Grudt et al.
study, stimulation to the tract near the Vc was a shorter distance of nerve conduction compared with our calcium imaging study using stimulation to the root entry zone. This difference resulted in a shorter latency in the electrophysiological study. However, the differences in duration and response decay were the result of observed phenomena that varied between membrane potential and ionic behavior. Therefore, it is difficult to compare results from these trigeminal slice experiments.
To perform slice experiments using an indicator dye, it is important to pay attention to the bleaching effect from repeated measuring (Grynkiewicz et al., 1985) . Because of the washout effect of a circulating flow, the dye applied to the slice is released and reduced in the total stained volume during the measuring periods, resulting in reduced dye activity with extended measuring periods. Therefore, when analyzing drug effects, it is crucial to compare the basal level of change in fluorescence intensity for the first, second, and third perfusion between the drug groups and the No drug (ACSF flow) group. In the present study, the measured peak value gradually decreased with each series. The value obtained in the second series represented the drug effect. The response of the third series indicated recovery from the drug effect. The true drug effect should be determined by comparing the no drug perfusion group and the drug-medicated group from the second series. In this study, the increase in intracellular Ca 2+ evoked by primary afferent activation was suppressed by CNQX, indicating that the Vc response was due to post-synaptic transmission via the AMPA-kainate type glutamate receptors (Honoré T., et al. 1988 ).
Significance of trigeminal slice preparation
The trigeminal nucleus complex consists of a sensory nucleus that conveys peripheral sensations, such as touch, pain, thermal sensation, and proprioception, and also includes the motor nucleus innervating jaw muscles (Sessle, 2000) . Therefore, a slice preparation that includes the root and specific nucleus could be beneficial for studying central transmission mechanism of an individual sensation. In the spinal cord, afferent fibers enter the spinal cord and the afferent terminal distributes to its corresponding segmental dorsal horn (Ranson, 1914; Rexed, 1952; Kumazawa and Perl, 1977; Light and Perl, 1979) ; these afferent inputs cannot be differentiated by the modality of sensory input similar to the trigeminal nerve. Conversely, it is difficult to establish a trigeminal slice that preserves neural connections between afferent inputs and the appropriate nucleus. Maintaining a long peripheral nerve root enabled us to measure conduction velocity of afferent fibers. This study succeeded in visualizing neuronal responses to electrical afferent stimulation within the nociceptive transmission nucleus, the Vc, suggesting that this slice model could be used to study central mechanisms of orofacial pain. However, reactions outside the Vc were not observed.
Mastication is controlled by afferent input from the orofacial area and jaw movement (Lund, 1991; Westberg and Kolta, 2011) . Studying the connection between afferent sensory neurons and motor neurons within the trigeminal nucleus complex could be a good model for mastication mechanisms, if the slice could include both sensory and motor nuclei.
However, slices prepared to preserve afferent fiber connection between the root entry region of the trigeminal nerve and the Vc in the brainstem lose connectivity to other nuclei, e.g., subnucleus oralis or interpolaris, resulting in no effective activation in other nuclei by stimulation. The 600-µm slice thickness and 30-degree agar angle may not be large enough for afferent fiber preservation and intact afferent fibers from the root entry region to these subnuclei. Therefore, when studying transmission of sensations other than nociception in the trigeminal system, another type of slice model or a different angle of the slice cut will be required.
In conclusion, a trigeminal slice preparation that comprised the root entry of the trigeminal nerve enabled observation of synaptic responses evoked by afferent fiber activation in the Vc, both spatially and temporally. This nucleus is a nociceptive input transmission and modulation site, which suggests that this novel slice model could provide a better understanding of the trigeminal nociception mechanisms in the Vc.
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